The growth and tissue water, K+, Na+, Cl1, proline and glycinebetaine contents of the shoots and roots of two Chenopodiaceae, Atriplex spongiosa and Suaeda monoica have been measured over a range of external NaCi salinities. Both species showed some fresh weight response to low salinity mainly due to increased succulence. S. monoica showed both a greater increase in succulence (at low salinities) and tolerance of high salinities than A. spongiosa. Both species had high affinities for Na+ and maintained constant but low shoot K+ contents with increasing salinity. These trends were more marked with S. monoica in which Na+ stimulated the accumulation of K+ in roots. An association between high leaf Na+ accumulation, high osmotic pressure, succulence, and a positive growth response at low salinities was noted. Proline accumulation was observed in shoot tissues with suboptimal water contents. High glycinebetaine contents were found in the shoots of both species. These correlated closely with the sap osmotic pressure and it is suggested that glycinebetaine is the major cytoplasmic osmoticum (with K+ salts) in these species at high salinities. Na+ salts may be preferentially utilized as vacuolar osmotica.
Certain halophilic bacteria which grow in highly saline environments have very high internal K+ levels (2) . Enzymes isolated from such organisms have been found to require in vitro molar K+ concentrations for structural stability and maximal activity (2) . Although halophytic plants may accumulate salts, usually Na salts, to concentrations in excess of 1 M, their cytosolic enzymes are inhibited in vitro by high electrolyte concentrations in much the same way as enzymes from glycophytic plants (3) . Few direct measurements of cytoplasmic electrolyte concentrations in higher plant halophytes exist (9, 23) although there is evidence from a number of sources that Na+ may be partially excluded from cytoplasm (3, 9, 15, 23) . Nevertheless the theory has been proposed in a number of recent papers (3, 5, 25) that cytoplasmic electrolyte concentrations are restricted and that organic solutes are accumulated to generate low cytoplasmic osmotic potentials. These solutes appear to vary from species to species. Many terrestrial halophytes accumulate betaines, particularly glycinebetaine (20, 21) , while others accumulate proline (19) . Some evidence for the preferential cytoplasmic location of these compounds has been obtained in recent work on isolated vacuoles from red beet storage tissue (25) and by histochemical staining (4) . In brackish water and marine algae and invertebrates the concept of compatible cytoplasmic osmotica is well established (2, 18) and organisms accumulating various polyols and proline have been described (5) .
In this paper we report the responses of the moderately salttolerant Atriplex spongiosa and the highly tolerant Suaeda monoica, both members of the Chenopodiaceae, to increasing NaCl. The two species illustrate different morphological adaptations to ' Present address: School of Biological Sciences, University of Sydney, Sydney, NSW, Australia. 2 To whom reprint requests should be addressed.
salinity as the former contains salt bladders on its leaves (13) while the latter has no mechanisms for foliar salt extrusion (22) . In keeping with many other chenopods (20) , both accumulate glycinebetaine in large quantities (21) . Changes in the shoot and root levels of the major electrolytes, osmotic potential and glycinebetaine and proline, as well as growth and tissue water content are reported for the two species grown over a wide range of salinities. The results are interpreted in terms of glycinebetaine acting as a major cytoplasmic osmoticum of high osmolarity while K+ and Na+ are preferentially accumulated in the cytoplasm and vacuole, respectively.
MATERIALS AND METHODS
Plant Materials. Seeds of A. spongiosa and S. monoica, respectively annual and perennial species and originally collected by C. B. Osmond (13) and Y. Waisel (22) , were germinated in moist Vermiculite. Seedlings were transferred to 10 liters full strength, aerated, Hoagland solution (6) which was replaced every 2 weeks. Five seedlings/10-liter blackened bucket were supported by Bakelite tops and grown in a glasshouse with supplementary light. Salt levels were raised by increments of 50 and 100 mol m-3 NaCl over 2-to 3-week periods using 13-week-old A. spongiosa and 4-week-old S. monoica plants, respectively. A. spongiosa plants were grown at the following final salinity levels for 7 weeks, 0, 50, 100, 200, 300, 400, 500, 600, and 750 mol m-3 in a growth chamber of 20 to 25 C, 16-hr light, 6,600 lux but with variable humidity. S. monoica plants were grown in either 0, 50, 500, and 1,000 mol m-3 NaCl (experiment I) or 0, 500, 1,000 and 1,350 mol m-3 NaCl (experiment II) for a 6-week period. Growth data and proline analyses were obtained in the second experiment. 
RESULTS
Growth and Ionic Measurements. Fresh weight growth of both A. spongiosa (Fig. IA) and S. monoica (Fig. 1B) latter between 0 and 100 mol m-3 NaCl was significant at the 95% level. S. monoica data also suggested a growth response on a dry weight basis but the statistical significance of this could not be tested. With increasing salinity, a 501% reduction in yield was observed at 600 mol m-3 NaCl in the case of A. spongiosa and about 1,350 mol m-3 NaCl for S. monoica. The apparent maximum growth at 500 mol m-3 NaCl of S. monoica may be misleading because of the lack of data between 0 and 500 mol m-3 NaCl. In the first experiment maximum growth was visually observed at 50 mol m-3 NaCl while the optimal salinity for this species has been reported to be 150 mol m- (22) . Salinity also had a marked effect on the morphology of S. monoica. In the absence of salt the plants had tall spindly stems, but thin curled yellow leaves. Fifty mol m 3 NaCl reduced plant height but stimulated a massive increase in lateral expansion of the leaves and, to a lesser extent, the stems. In both species root growth was less affected by NaCI (Fig. 1, A and B).
The fresh weight to dry weight ratio of leaf, stem, and root tissues of A. spongiosa ( Fig. IC) and of leaf and root tissues of S. monoica ( Fig. ID) increased at low salinities reflecting an increase in the water content ofthe tissue. In Suaeda leaves the ratio tripled indicating a massive increase in succulence. The fresh weight to dry weight ratios of the tissues of both species fell at high salinities but the fall was steeper and occurred at relatively lower salinities in the case of A. spongiosa.
The osmotic pressures of the expressed saps from A. spongiosa leaf and stem tissues increased regularly with an elevated external salinity so as to maintain a fairly consistent water potential difference between aerial tissues and rooting solution (A-w = 450 osmol m-3 _ 9 x 105 Pascals) (Fig. IE) . In contrast, the osmotic pressure of leaf and stem saps from S. monoica rose from 700 osmol m-3 in low salt plants to 1,300 to 1,400 osmol m-3 with the addition of only 50 mol m-3 NaCl (about 100 osmol m-3) (Fig. Atriplex spongiosa 1F). Thereafter a 10-fold increase in external salinity brought about little change in shoot osmotic potential, although a further decrease was observed at the highest salinity. In both species the K' contents of leaf and stem tissues fell substantially in plants grown in dilute salt media compared with control plants (Fig. 2, A and B). With further increases in external salinity, K4 shoot contents remained constant or nearly so. The K+ levels of the roots were unaffected by 100 or 50 mol m-3 NaCl for A. spongiosa and S. monoica, respectively. While 200 mol m-3 NaCl reduced the K+ content of A. spongiosa roots, high salinity, 500 and 1,000 mol m-3 NaCl, increased the K+ content of S. monoica roots 7-fold. The Na+ accumulation in the halophyte shoots exceed the drog in K+ contents at low salinities (Fig. 2, C and D); at 50 mol m NaCl the phenomenon was more marked in S. monoica The accumulation of Na+ in both species was more marked in the leaves than in the stem tissue. The patterns of Claccumulation were similar to those of Na4 (Fig. 2 , C and F), although in aerial tissues, Cl-contents were consistently lower than those of Na+. The S. monoica root Na+ and C1-contents were identical notwithstanding the probable overestimation of Na4 levels due to undesorbed Na+ on the root exchange sites. As shoot Na+ levels were higher than Cl-levels, it seems that roots selectively exclude Cl-from export to the shoots. Calculation of the K, Na, and Cl contents of the leaves on a tissue water basis (Table I) shows the massive concentrations of Organic Analyses. Glycinebetaine concentrations in sap extracts of the two species were determined by both the periodide colorimetric method and by thin layer photodensitometry (21) . Similar results were obtained by both techniques and thin layer electrophoresis and chromatography showed glycinebetaine to be the major quaternary ammonium compound in the two species (21) .
In A. spongiosa leaf and stem tissues, the glycinebetaine content per unit fresh weight rose consistently with increasing external salt (Fig. 3A) . The proline contents of A. spongiosa fell initially and maintained a minimum value in the range 50 to 300 mol in m-3 but increased rapidly at higher salinities (Fig. 3B) . The glycinebetaine content exceeded the level of proline by between 10-and 100-fold.
Low proline contents were also found in S. monoica tissues at 500 mol m-3 NaCl and below. However a substantial increase was observed at high salinities (Fig. 4B) . Glycinebetaine levels were particularly high in control S. monoica plants (about 68 ,umol g fresh weight-l) but declined in the 50 to 500 mol m-3 NaCl range in terms of tissue fresh weight (Fig. 4A ) although increasing to almost 90 ,umol g fresh weight-' at 1,000 mol m-3 NaCl. When the data were expressed on a dry weight basis, an increase in glycinebetaine content of the shoots was revealed (Fig. 4C) although the shoot proline content fell between 0 and 500 mol m-3 NaCl even on a dry weight basis (Fig. 4D) . The glycinebetaine content of S. monoica roots fell at 50 mol m-3 NaCl whether expressed on a dry or fresh weight basis and, although it increased thereafter at elevated salinities, it remained below the control level (Fig. 4, A and C) . DISCUSSION Growth, Succulence, and Osmotic Potential. The growth of many halophytes is increased by the addition of inorganic salts, particularly NaCl, to the rooting medium although no obligate halophytic angiosperms appear to exist (3). In agreement with this, both S. monoica and A. spongiosa responded to low salinities but to varying extents. With the former, a 300%'o increase in fresh weight was obtained at 500 mol m-3 NaCl although this salinity level probably exceeds the optimum for growth stimulation, reported to be 150 mol m-3 NaCl (3, 22) . The large increase in fresh weight was mainly due to an increase in tissue water content reflected in the change in fresh weight to dry weight ratio from 4.4 to 14.6 (Fig. ID) . Fresh weight to dry weight ratio is taken as a good indicator of tissue succulence within a given species but not for cross-species comparisons. Much of the dry weight increase (50%7o) in Suaeda (Fig. 1B) would be directly attributed to the accumulation of Na salts (0.5 -* 5 meq g dry weight-) (Fig. 2D) .
Thus, salt-induced synthesis of additional organic material made only a small quantitative contribution to the total increase in fresh weight and the improved morphological appearance of the plants.
A. spongiosa was less Na-tolerant than S. monoica and also showed a smaller fresh weight response and no increase on a dry weight basis (Fig. IA) . The maximum yield was observed at 100 mol m-3 NaCl in agreement with data on other Atriplex species (1, 12) . The additional fresh weight yield in this species seems to be accounted for by the increased succulence at these salinities (Fig. IC) . Unambiguous deductions may not be made from these figures as the growth data were obtained in a separate experiment and precise humidity control was not available. In Atriplex halimus the relationship of growth to external NaCl concentration is known to be dependent on the RH (10). In both species shoot fresh weight yield and tissue fresh weight to dry weight ratios fall at high salinities with the exception of Suaeda roots. There was a general correlation between maximum growth and highest succulence, the latter being an indication of maximum cell expansion due to vacuole enlargement. No promotion of root growth was observed at low salinities and root growth was less inhibited at high NaCl levels.
There were distinct differences in the patterns of osmotic potential development in the two species. A. spongiosa maintained a fairly constant osmotic potential gradient between leaf and stem tissue and the external solution as the potential of the latter dropped and thus appeared to behave as an osmoconformer (16) . In contrast, the osmotic pressure of the shoots of control S. monoica plants was very high (about 700 osmol m-3) compared with glycophytes grown under similar conditions (250-400 osmol m-3) (21) . Nevertheless 50 mol m-3 NaCl resulted in a doubling of the shoot osmotic pressure which thereafter remained altered little over a 10-fold increase in external salt concentrations (Fig.  1, E and F) . Although more data are required over a range of salinities this species seems to operate optimally at a low cellular osmotic potential and may be compared to the osmoregulatory type of marine invertebrates (16) . At salinities exceeding 500 mol m3 NaCl a further decrease in osmotic potential was recorded (3, 24) .
Despite this large K+/Na+ exchange, both species, particularly S. monoica, had high affinities for K+ as shown by high K+ levels in low salt control plants compared with other species (21) , and by the relatively constant K+ contents in the shoots of plants grown over a 10-to 20-fold salinity range (Table I) , and by the constant K/Na ratio and increasing SK/Na affmity ratios (Table   II) .
The ion contents of shoots are in part a function of root metabolism, particularly in species lacking a leaf salt extrusion mechanism (14) . The root K+ content of A. spongiosa was constant up to 100 mol m-3 external NaCl but fell at 200 mol m-3 NaCl in agreement with other reports on Atriplex species (1, 12) . Reliable data at higher concentrations were not obtained because of the large leakage of ions during the desorbing process. Only net ion contents were measured and the specific salt effects on K+ uptake or translocation were not assessed. Jefferies (8) reported a 3-fold stimulation of K+ uptake into Triglochin maritima roots by NaCI. In S. monoica, the net root K+ content was elevated 7-fold as the salinity increased from 50 to 500 mol m-3 NaCl. In a comparative study of the Gramineae, the K+ content of the estuarine halophyte, Spartina x townsendii but not that of barley roots was found to be constant with increasing salinity (24) . Thus the ability to maintain or even raise the root K+ level in the presence of NaCl may be a significant factor in salt tolerance. In the case of A. spongiosa the presence of ion-selective salt bladders may diminish the necessity for high K+ selectivity in the roots (13) . The ability to maintain a constant minimum shoot K+ concentration is regarded as crucial to tolerance at a cellular level as will be discussed later.
As well as having an affinity for K+, both species have an affinity for Na+ reflected in the large accumulation of this ion (88 mol m-3) from control (about 0.2 mol m-3 Na) and low salinity rooting media. The growth responses of halophytes to specific salts are very variable (3) . However, many, including Suaeda maritima (3) and Atriplex inflata and nummularia (1) , are more inhibited by high concentrations of K' rather than Na' salts. Nat has a lower mobility in many halophyte tissues than K+ (3) and it may be suggested that Na+ is preferentially accumulated in vacuoles. Some direct evidence for this hypothesis has been obtained by Jeschke and Stetler (9) in analyses of Atriplex hortensis root apices.
A high affinity for Na+ gives halophytes low K+/Na+ and selectivity ratios (SKIN.) (Table II) but it is our contention that this is not indicative of a low affinity for K+. The data strongly suggest that both species exercise control over the K+ and Na+ fluxes as well as preferentially retaining C1-in their roots. It is apparent that salt secretion from shoots is not a prerequisite for tolerance and that at high salinity, growth inhibition is associated with tissue dehydration and a loss of succulence despite the presence of ample salts to generate osmotic pressure and maintain a constant osmotic potential difference. Growth inhibition appears to be the result of salt (NaCl) toxicity. This may be a complex phenomenon and a number of interactions between water status and ion balance may be envisaged (24) . Tolerance thus involves both a measure of salt accumulation and exclusion. Succulence has been regarded as tolerance by avoidance (11) . In S. monoica even a tripling of the fresh weight to dry weight ratio over a 50-fold increase in external salts does not give much scope for avoidance by dilution. We suggest that succulence in these halophytes be regarded as a positive growth response associated with an ability to accumulate salts, particularly Na+ salts, in the vacuole and utilize this osmotic potential for cell enlargement.
Organic Solutes and Cellular Compartmentation. In a previous communication (25) we and other colleagues have proposed a model for the mechanism of salt tolerance of halophytes at a cellular level which is related to the mechanism utilized by marine invertebrates (16, 18) . In this model the cytoplasm is proposed to accumulate K+ to a concentration in the range 80 to 150 mol m-3 while maintaining a relatively low Na and possibly also Clcontent (23) . Na+ and associated anions, including Cl-, are utilized to generate a low osmotic potential in the vacuole (formally analogous to the extracellular fluid of invertebrates). Where an osmotic potential in excess of about 350 to 400 osmol m-3 is required in the cytoplasm, nontoxic organic solutes, which may vary from species to species, are accumulated. Detailed arguments for the above model and its implications for various aspects of plant physiology have been presented elsewhere (23, 25) . The high affinities of the two Chenopodiaceae for both K+ and Na+ may be interpreted in the light of this model. The close association among increased Na+ content, low osmotic potential, succulence, and a positive growth response at low salinity is compatible with Osmololity(osmol m33) (17) . Glycinebetaine is accumulated in many halophytes and has been proposed as a major cytoplasmic osmoticum. In related studies with colleagues we have found it to be a suitable osmoticum for mitochondrial and chloroplast isolation (data not reported here) and to be nontoxic to enzymes (25) . The shoot fresh weight glycinebetaine concentrations of A. spongiosa correlate closely with sap osmotic pressure (Fig. 5A ). In the case of S. monoica the situation is more complex. A drop in the shoot glycinebetaine content in the range 0 to 50 mol m-3 NaCl was found when the results were expressed on a fresh weight basis but not on a dry weight basis (cf. Fig. 4 , A and C). This is probably related to the massive increase in succulence and the disproportionate increase in vacuolar volume. Thus, a compound acting as a cytoplasmic osmoticum might be expected to decrease per unit fresh weight. Using data from the second experiment (no value at 50 mol m-3 NaCl) then a good correlation between sap -r and glycinebetaine content on a dry weight basis is also obtained (Fig. SB) . Some evidence for the partial exclusion of glycinebetaine and proline from vacuoles has been obtained (4, 25) . If it is assumed provisionally that glycinebetaine is located in the cytoplasm and that other cytoplasmic components, e.g. K+ salts, contribute 300 osmol m-3 to the osmotic pressure, then the proportion of cytoplasm to vacuole consistent with the observed concentrations of glycinebetaine in both species can be calculated (Table III) . It will be noted that these values are within the range of those commonly assumed to hold in leaf cells.
In certain halophytes proline has been advocated as the major cytoplasmic osmoticum (19) . In these chenopod species, proline levels were relatively low over the range of optimal salinity of both species (Figs. 3 and 4) . Proline levels rose both in plants grown at high inhibitory NaCl concentrations and, slightly, in control plants. Both mulation was indicated in agreement with data on some Graminaceous species (24) . Many reports have demonstrated the accumulation of proline in water-stressed tissue (7) and these observations seem to reinforce this view. Although proline does not act as a major cytoplasmic osmoticum in these species, the strong possibility exists that other angiosperms may have evolved tolerance mechanisms in which proline plays a major role (20) .
